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FIELD OF THE INVENnON 



This mvw&on consists of a modified gluten biopolymer &r use in industrial 
a^licalioz3s, sudb as ooinposites, stabilised fi>ams mi xnolded articles of 
manu&ctuies. 



BACKGROUND OF THE INVENTION 



An increase in environmental awareness has given the materials community in^^us 
15 to develop cost-ejBfedivB biomaUaials wilh adequate mechanical prop^ties. While ^ 
research in recent years h^ led to an in^roved understendii^ of the prcperti^ of 
natural fibers* the problem of identifying a cost-effective biopolymer matrix material 
with suftable properties remains unresolved. This inyentilon describes a method to 
ni^ffove the impact properties of gluten biopolymer, enabling broader wage of gluten 
20 in industrial ;^plLcalions. 

Experiments designed to improve the impact strength of flie ghiten material have been 
previously reported, howevw thrae methods require the addition of at least 10-20% 
(w/w) of some plasticizer, such as glycerol or triethanolamine. In the present work, 
25 fibie ftacture toughness of the gluten polymer was improved by a fector of ten or more 
with the addition of less than 1% (w/w) of a (poly)thiol toughenmg a^t such as a In- 
thiol-terminated modifying agCT*. The tougheiung agent has anolher notable attribute, 
namely, that imdear proper chemical and CTvixonmental conditions^ it has the potential 
to bond chetoically with the ghiten biopolymer via sulphydryl/disuJtphide ^change 
30 teaotions, giving rise to a potentiaUy more stable material (e.g. a stabilised gluten 
foam). In addition, die process does not require the addition of other solubilizing 
agents^ such as reducing agaits or salts, to obtain a homogmeous disprasion. This 
woifc also resulted in the development of a gluten biopolymer-modified flax fiber 
bundle» ^ftTyinTiatrnHng a piocess to make fully biodegradable composite ma^mals- 
35 Qualitative analysis suggests flbat a reasonably strong int^ce between the natural 




fibers and biopolyzner matrix caa form spontaneously under fhe proper conditions^ 
precluding the need to tely on mare traditional chemical treatooents to promote 
fiber/matrix adhesion. 



5 

SUMMARY OF THE INVENTION 

The present invendoii inc^olves a process for iaqproving the impact properties of 
10 ghiten biopolymer Mdfh fhe inclusion of low levels of a polythiol-temnnatcd 
faypexbtanched molecule to tiie biopolymer/acid (preferably acetic add) dispersion, 
and as modi^isg agent preferably inclusion of only 1% (w/w) vexw gluteii or less 
than 1% (w/w) versus f^uten of a polydiiol-termmated molecule, prefeocably a tri-tluol-* 
terminated hyperbranched molecule. The preferred polythiol-torminated 
15 hypecbranched molecule is tri-tfuol-terminated po]b«>l inerc^ptoester, such as •TP200 
3MP3*' (PeretMp Specialty ChCTodcals AB) (Fig. 1) or an aodve structural analogue 
thereof and the pref^ied add is acetic acid. The polythiol-tenuinatod hypcacbxanched 
molecule above 0.5% (v/v), about 0.5% (v/v), &om 0.5% to 0.1 % (v/v) or less lhan 
0.1% (v/v) added to and acetic solution blended with gluten, ideally 10 nd/g. 
20 In a fiirther embodiment of present invention a predpitate of modijBed gluten can be 
fenned by the thiol-terminated hypeibranched molecule^ preferably by a tri-tfaiol- 
temiinated polyol mesrcaptoestsr and more preferably by the TP200 3MP3 by 
increasing the pH of the slurry from 4-4.5 to 6-6 J. 

Altemattvely a metbod can be used ad described above but whegrdn an alcohol-based 
25 aqueoossoliulion is used, ideally a 50% (v/v) propanol soludon in place of tiiie acetic 
add sohilion. FMermore» the moi^ modified-gluten chunks (modified by the thiol- 
terminated byperbranched molecule, preferably .by (he ftdol-^simindted polyol 
mercaptoester and more preferably by the TP200 3MP3)cbun^ plaoedina 
mold and processed at a variety of different pressures and temperatures (Fig. 2). The 
30 pressure can be gradually increased as the water in the gluten network evapcnrates. 
The ghiten biopolymer can also be used to extrude parts of various geometries (Fig. 
3). A fiirth^ embodiment of present invention is a process to form a cohesive gluten 
polymer network around fibers by means of dxe gluten predpitation process. Fibeors 
are covered by gluten powd«: (ideally 1/1 w/w) and consequently contacted for a 
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short period (for instance 30 second) wifii alkaline water (for instance a pH 11), 
ptefeiably deonised water with W, preferably NaOH or by contactod said flic fibers 
covered by gluten powder with base water, preferably deoinaed water with a pH of at 
least 5 to 6 or higher for instance by dipping said mixture of said fibeis and said 

5 gluten powder for less <han one minute in said water. Figure 4 denmnstrates ghilen 
coating fibers, by immersing fibers with gluten powder m an alkaline water bath flir 
less than a miimte (Fig. 4). The fibers can be synftietic fibers (e.g. polypropylene 
fibers or polyethylene fibers) wooden fibers or nonwood fibers (e.g. flax fibers), a 
combination of wood and nonwood fibers, nAtoral fibers, biodegradable fibers or other 

10 fibers comprising celtalose, Ugnin and/or pentosans. The wood fibers or nonwood 
fibers can be nnmodified natural fibers or can be cihcnrically modified. The gluten 
biopolymer appears to be bonded to the fibers even after the gluten precipitate is dried 
(Fig. 5). 

IS An ahemative approach of gluten coatmg of fibers is to immerse nataral wood or non 
wood fibers in an dihrte acid or dihite alcohol gluten solution. The soluble gluten 
molecules are aUowed to interpenetrate the swelling fibers. Optionally polythiol- 
t«nninated hyperhranched moleeide above 0.5% (v/v), about 0.5% (v/v), fifom 0.5% 
to 0.1 % (v/v) or less than 0.1% (v/v) can be added. By increasing the pH ox solvent 

20 evaporation a strong adhesive bound is formed between the natural fibers and dw 
ghxten. 

The ghrtenrooated fibers can be used to reinforce gluten composites by incorporating 
said gluten coated fibers mto heat compression-molded gluten. The gluten-coated 

2$ fibers can for instance be added to the acid (preferably acetic acid) solution with 
polythiol-tenninated hyperbrandied molecule above 0.5% (v/v), about 0.5% (v/v)» 
ftom 0.5% to 0.1 % (v/v) or less than 0.1% (t/v) and a suspension of gluten, ideally 
about 10 ml/g to modify said gluten and form a precipitate by increasfaig the pH, 
ideally firon 4-4.5 to 6-6.5. Tins fiber/gluten matrix can be compression-molded, for 

30 instance for for 10 mimites at 150 at a pressure of 200 bars and cooled to form a 
fiber rdnforced gluten polymer article. 
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Defintthins 



As used in flbie specification and the appended claims, tlie tenns "fibers" and "fibrous 
5 materials" include both inorganic fibers and organic fibers. In general, fibers can be 
classified into tlnee categories: wood^ nonwood, and nonplant. 



Fibers fhat may be incorporated into gluten matrix preferably include naturally 
occurring organic fibers, such as cellnlosic fibers extracted fi:om hemp» cotton^ plant 
10 leaves^ sisal, abaca, bagasse, wood (both hardwood or softwood^ e(xamples of which 
include southern hardwood and southern pine^ respectively)^ or stems^ husks^ shells, 
and fiiiits or arjy nonwood fiber as defined hereunder, or inoxganic fibers made firom 
glass, graphite, silica, ceramic, or metal matedials. Any equivalent fiber which imparts 
sIxeDgth and flesdbiUly is also within the scope of the pira 

15 

The t^rm ''nonwood fibers'' as used herein is thus to distinguish plant fibers from 
wood fibers (softwood or hardwood), tihe fibers can be deriv^ from selected tissues 
of various mono- or dicotyledonous plants. And are categorized botancially as grass, 
basty leaf^ or fiuit fibers. The nonwood fibers can also be classified by means of 

20 production such as sugar cane bagasse, wheals straw and com stalks byproducts. They 
can also be grouped as *'fiber plants'*, plants wilb high cellulose content ttiat are 
cuhivaAed primarily for the sake of fheir fibers such as jute, kraaf, flax, cotton and 
tandcu An eosaniple of nonwood fibers ajte fibexs consisting of the group of Jute, flax, 
cotton, Hexnpp Kena^ Finn, Abaca» Sisal, Hemiequen, Stalk (Rice, Wheat, Barley, 

25 Oat, Rye), Cane (Si^ar, Bamboo)» Grass (Bsparto, Sobai), Reed (e.g» Phragmites 
commums). Bast (Seed Bsol, Ksoaf, Jute, JUsasp, Ramie), caro (fSjssmS, Jute), 
Leaf (Abaca (e.g. Manila}, Sisal (e,g. Agave)), Seed hull (e.g. cotton lintcr). 



As other researchers have observed [Geimadios, A., and Weller, C. L. JFood TechnoL 
30 1990, 44, 63-69.-3; Gontard, N., et al J. Food Sci. 1992, 57, 190-195.; Herald, T. J^ 
et al. J, Food Sci. 1995, 60, 1147-1150], the preparation of wheal gluten films 
necessitates die use of a plastioizinr. In the absence of a plasticizar, gluten fihns are 
brittle and difiScuH to handle [Oennadios, A., and WeUer, C. L. Food TechnoL 1990, 
44, 63-69.-3; Gontaid. K, et al L Food ScL 1992, 57, 190-195.; Herald. T, J., et aL J* 
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Food Sci. 1995, 60, 1147-1150). A number of plasticiOT have been explored ia the 
past, including amines (diethanolamine and triethanolamine) and polyols (anhydrous 
glyoerol, polyeihyleneglycols. and polypropyl«neglycols). Typical concenlraliojis 
wage fiom lOg to 60 g/100 g of dry matter [Gennadios, A., and WeBer, C. L> Fcod 
5 TedmoL 1990, 44, 63-69.-3, Roy, S. et al. J. FoodSoL 1999, 64, 57-60]. 

AHJlOugh ttiere is relatively litfle in the Uterature on ihe use of gluten hi mdustrial 
applications, wheat ghiten Ohns have been studied in significant detail [Gennadios, 
A., and Weller, C. L. Food TechnoL 1990, 44, 63-69,-3; Gontard, N., et al J. Food 
10 sL 1992, 57. 190-195.; Herald, T. J, a al, J. Food Stei. 1995, 60. 1147-1150; Roy, S, 
et al. J. Food Sci. 1999, 64, 57-60; Larre, C. et al J. Agric. Food Chem. 2000. 48, 
5444-54493. Fihns have been cast from gluten protein dispersions in water under 
difrei«it pH conditions or m ethanol [Ali, Y., et aL Ind. Gt<>p8 Prod. 1997, 6, 177- 
184]. It was also demonstrated lhat plasticizing agents could be used to fanprove film 
13 flcwibiUiy and dsoieasc biittlmess pLairS, C, Dessermo. C, Baibot, J., and Gueguen, 
J., ''Properties of DeamidBted Gluten Fihns Enzymatically Crosslinked," J. Agric 
Food Chem. 2000, 48, 5444-5449; Y., Ghoipade, V. M., and Haana, M. A., 
Troperties of Thsnnally-Treated Wheat Ghilen Fihns," Ind. Crops Prod. 1997, 6, 
177-184]. 



20 



25 



A separate study focused on imderstanding flic effects of three plastioizers, water, 
glycerol, and sorbitol, on ti» glass tainsiliott temperature (Tb) of wheat gluten 
IPoi5>lin, M, et aL J. Agric. Food Chem. 1999, 47, 538]. In summary, water was 
fbund to be tite most eflfective plasticizBr. At a plasticizer fractional weight content of 
0.1. 0» Tg of wheat gluten decreased iBcom 183°C in its dry state to about 66°C when 
plasticaaed with water DPouplm, M, et al. J. Agric. Food Chem. 1999, 47, 538]. 



If we compare tbs medumical properties of phan gtoten (tensile strengfli, apparent 
modulus, and 'mpaet sttenglh) wifli ftiose of sevena sytt&etic materials, conqfttising 
30 polypropylene, eposy* l«w«lensity polyeftyiene (PE) , and hi^nsily polyefliytenB 
FB (table 1) 
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Polymer 


Appai^ E-moduIus 
(MPa) 


TensttB Strength 
(MPa) 


Chaipy Inqpact 
Strengfli(fcJ/ni^ 


Glutetn 


3555 


43 


2.48 




1000-1600 


31-37 


14 


Epoxy 


2600-3800 


50-79 


7,5 


Low density PE 


100-260 


10-12 


39 


Highd^isityFB 


410-1240 


26-33 


68 



Table 1. Mechanical properties of varioos polyoieis as fhey CQnq>are wth ghiten 
inatrix material pirooessed at ISO bais as measured by the Three-Pomt-BCTid 
test 

5 



The appareat E^moduliis and temile strextgth of wheat ^vtm seems m par with a 
number of commozily used synthedo polymeirs. Howover» a drawback is the fiu^t that 
the inqpact stteogdi of cured gluten is relatively low. The impact Btrenglfa mcreased 
10 when slycorol was added to the naatrix, however this results in fhe lowerii^ of the E- 
modulus and tensile strexigth. 

When ghitenin chains are synthesized, two cystehxe residues on each chain 
preferentially fixrm inteKhain disulphide bonds (SS) resulting in linear arrays of 

IS polypeptLde Chains. In the present wod$; a molecule td-thiol-temihiated polyol 
mefcaptoester, fat instance TP200 3MP3 &Qm Perstoxp Specialty Cfa»ucals AB, is 
incc»poraled faito the gluten biopolymer with the intentioa of crosslinldng it with tlie 
gtutem uetworiE^ giving rise to a tougher material system, hiher^ challenges in 
processing shOxsa are attributed to the low solubility of gluten in most solvents, as 

20 well as its high melt viscosity » 



masttattve embodfanents of the Invention 



25 Th0 tenninology used herein is for the purpose of describing particular ^bodimenta 
only^ and is not intended to be limit the scope of the present invention. 
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The fiiiol toDlecule, 'TP200 3MP3'. was employed in this study duo to its flodbiHty 
aod water compatibaily. However, ♦TP200 3MP3' can be readfly substituted with 
either "W70 3MP3' or *TMP 3MP3* O?erstoip SpeciaHty Chemicals), which are also 
5 avaUable on-ate. They difiTerwilh respect to degree of ethoxylation; the finrtcari 
twenty ethylene oxide units, ihe second carries seven, and the last does not oany any 
ethylene oxide imits at all. 

Gluten powder (150 g) was added slowly (over a period of 1 % bra at room 
10 temperature) to 1.5 L 0.05 M acetic acid solution containing 0.1% (v/v) of 'TP200 
3MP3' . The mixture was stirred continuously as tiie gluten powder was added to the 
sohitaon. The dispersion was put on a shaker in a leftigerator and left overnight. The 
goal was to obtain a homogenous dispersion of the gluten proteins in the acetic add, 
enabling the 'TPZOO 3MP3' molecule to interact direcay with fte ghiten ptotetos. 
15 The material was recovered by precipitation upon mcreasing the pH (from 4.5 to 6^ 
by additiMi of dilute NaOH. Afterwards, the ghiteu/solvent mixture was sepaia1»d by 
centrifugation (10,000 & 20 °C, 15 min) and the modified-glutett precipitate was 
stored in a lefirigerator until fuxtibHar me. 

20 To gain a better understanding of the chemical and physical natare of ghiten protdns 
and how they behave in solution, gluten ftactions were also prepared in accordance 
with a procedure oufUned in S Berot et aL [S. Berot, S. et al. Intl J. Food Science and 
Technology, (1994), 29, 289-502.] to characterize Ihe various ftactions of the gluten 
biopolymen Commercial Amylum NV wheat gluten was fractionated to piodnce 
25 gBadin-rich and gluten-rich fractions. Acetic acid sohitions (0.01-0.051^ wore 
blended with dry ghiten (10 mlVl g dry gluten) and the slurry was separated by 
oentrifbgatiott (10000 g, 20 *C, 15 min) and spray-dried (compressed air i» = 4 bars; 
hilet r= 130 'C and ouflet r- 95 - 105 'C). 



30 



In an eatHet experiment, a 50% (v/v) propanolAvater solution was used m place of the 
acetic add solution, and the solvent was evaporated by 'rotav^pping* tiie modiiiedr 
gh$teo/Bolv«nl mixtore at 50 ''C. However, subsequent removal of the dried 
biopolymer from the glass flask was difiScult due to the strong adhesion between the 
ghiten networic and the glass. 
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Upon incoiporating 0.1 % (v/v) of 'TP200 3MP3' in a 50% (v/v) propanol sohxtion, 
tibie firacture toughn^s of molded gluteal was increased from 3 kJM^ to an average of 
36 kJ/m^ as measured by the Charpy Iixpact test (7 Axxg. 2002). Individual firacture 
S tougtmess measureoients of four six-day-old TP2003MP3-modi£ed gluten specfanois 
included the jfoUowing: 47.1 kJ/m\ fcJAn^, 34.2 kJ/m^ and 39.2 kJ/m^ 
Specimens were compression-molded at 150 ^C/2S bats for 10 mm. and subsequently 
cooled to 20 over a period of 5 min. An unmodified control sample yielded a 
Charpy impact stcengOi of 3.2 kJ/m^ (Iso Norm 179 standard analysis). 

10 

Legend to fhe grapliics 

FigJl. Schea2aticofthepolyolmercaptoester»TP200 3MP3»in:f^ 

15 

Fig. 2. Photograph of an unmodified gluten specimen (left) and TP2003MP3- 
modifled-* gluten specimen (right) obtained by the methods desoribed in surmuary of 
this invention. These materials were coinpiessiozt-molded for 10 minutes at 150 at 
a pressure of 2S bars. The temperature of the press was subsequently decreased to 20 
20 before fihe mold was removed jBtom fhe press and the parts demolded. 

Vis^ 3. Extruded parts of various geometries made from ghilte biopolymer. 

4. A plkotograph of flax fibers covered with gluten powder» for ilhismtive 
25 puxirases only. In die actual exper i m qit, the fiax fibers were coated manually by 
rolling them in die ghitai powder. Afterwards^ a strainer was used to siqpport the 
gluten powder-coated fibers as fhey were immersed in a 4S^C atkalme (pH » 11) 
water bath for 30 seconds. 

30 Fig* 5. Aphotogr^of fheglutenbio]>olymez/Sax jEberbun^ 

after the gluten polymer formed a precipitate around the flax fibers. After two days^ 
the gluten matrix was rigidy as most of die moisture inside die gluten polymer netwoik 
Imd evaporated. 
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Ftg. 6. Particle size distributions. 

a. Th.e as-wceived ghiten powder has an average particle diameter of 50 mionnis. 

b. The vowtnodified 0.01 M acetic acid-extracted glutea fractioahas an aveiage particle 
diameter of 20 microns. 

S 



10 
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GLUTEN BIOPOLYMER ARTICXES 



S I) A toughened gjuten polymer matrix, cha^ 

precipiteling of glutm and modifying the gliAen by a polytfaioHeonixJi^^ted 
modifying 



2) The toughraed gluten polymer xnatribj; of cl^ 

10 has been precipitated from a i^rateiy su^ension by an increase inpHt 

3) The toughaed ^uten polymw matrix of the claims 1 or 2» characterised in that 
the polytfaiol-temiinated modifying agent is added to gluten al less S % (w/w) . 

15 4) The toughened glnten polymer matrix of the claims 1 cor 2> characterised in that 
the polythiol-temiinated modifying agent is added to ghiten at less 1% (wAv)« 

5) The toughenedglntenpolymer matrix of any of &e claims 1 to 4» charac^sedin 
that the polythiol-tmninated modifying agent is added to gluten in aci d 

20 dispearsion. 

6) The toughened gluira polymer niatrix of a^ 

that the polylluol-4mninat6d modifying is added to a glvteo/acetic ai:^id 
dispersion. 

25 

7) The toughened gluten polymer matrix of any of the claims 1 to 4» diaracterised in 
that the polytfaiol-terannated modifying agent is added to a dispersion of gluten in 
alcohol wator solution. 

30 8) ThfitoughenedglueenpoIymermatrixofBnyof thedaiixi^ 

that the pDlyduoI*-Derminated modifying agent is added to a dispersion gluten in 
propanol water solulioa 



10 
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9) The toughened glirtea polymer mateix of any of flwclai^ 

ifaat the polythiol-tetminafed modifying agent is added to the alcohol or acetic add 
solution at 0.5% (v/v) 

5 10) The toughened gluten polymer matrix of any of the clainis 1 to 4» chaiactarised in 
that tibie polytiilol-terminated modifying agent is added to flic alcohol ox aoctio aoid 
solution at 0.5% to 0.1% (v/v). 



10 



15 



20 



11) The toughened ghitenpolymermatrixof any of the claims 1 io4,chafacteri8edin 
that an effective amount polyfliiol-terminated modifying agent is add«d to the 
alcohol or acetic acid sohatian at less than 0.1% (v/v) 

12) The toughened gluten polymer matrix of any of ihecl^ Ito U.chaiactHifle^ 
in «wt tho dispersion has a gluten load up to lg/2roJ- 

13) The tougheaed gluten polymer matrix of any of Hie claims 1 to 12. chwacterised 
modified ghiten is predpitatedhy increasing to pH from acid to ncutaal ot 

basic 

14) The tou^iened gluten polymer matrix of any of the claims 1 to 13, wherein that 
the thiol-tanninated modifying agent b apolythiol-tenninated hypeibranohed 
molecule. 

15) The toughened gluten polymer malxix of any of the claims 1 to 13. wherein that 
25 the polythiol-temiinated modifying agent is atri-thiol-teiminated hyperbianohcd 

molecule 

16) The t mighe ned glutcD pofymcT matrix ofaoy of the clainas 1 to 13, vrhereilxCwt 
Ifae polythiol-teaninated modifying agent is a tri-thiol teimmatod polyol 

30 moccaptoester. 

17) TTb»loughenedghit8npolym«5rmal3dxof any of the claims I to 13» wherein that 
the thiol-texminated raodifyins agent is a compound of flxe group consistrng of 
-moo 3MP3, TP70 3MP3 and ThSP 3MP3, 

11 
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18) The tcmghened ghrteu polymer matrix of any of the claims 1 to 13^ whereia said 
fiibor have been incorporated in said toughened glutm polymer matrix. 

5 19) The tongh^ed ghitea polymer matrix of any of the claims 1 to 13, whereia said 
fiber, that have been coated by a gluten polymer network precipitated aroimd said 
fibers, have incoiporated in said toughened gluten x>olymer matrix 

20) The toughened ghiten polymer matrix of any of the claims 1 to 13, wherein said 
10 fibers have been incorporated in said toughened gluten polymer matrix, said fibers 

being precoated by a gluten potymer n^ork precipitated around said fibers by 
dipping said fibers and said ghiten in a water bath with a pH above 5 * 

21) The toughened gbxtan polymer matrix of any of the claims 1 to 13, wherdn said 
is fiber have been inccHcporated in said toughened glutesn polymer msdrix, said fibers 



23) An article of manufectore having toughened gluten polymer matrix of any of the 
claims 1 to 17 and being fiber-reinfiiiood. 

25 24) The article of nmnufactoxe of claim 23, being enforced by the fibers of any of ihe 
claims 19 to 21. 

25) The article of manu&cture of any of the claims 22 to 24, wherein said article is a 
molded article. 



have been interpenetrated by gluten and an adhesive bond has bee«x foicmed 
between said fibers and said interpenetrated gluten. 



20 



22) An artiole of manu&cture hsviog the toughmed glulen polymer matrix of any of 
tile claims 1 to 17. 



30 
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Glutea Biopolynier Ajrtidtes 



Abstract 
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This invenlioii consists of a modified gluten biopolymer for use in industtial 
a{>p]ica1ioj>s» such as conq)osite8 and foams. Experiments designed to improve Ae 
inq>aot strength of flxe material have been previously reported, however these meftxods 
require the addition of at least 10-20% (w/w) of some plaslicizer, such as glycerol or 
toiethanotomine. In the present work, the fracture toughness of the glutea polymer 
TO improved by e fector of ten or more vrith the addition of preferably less than 1% 
(w/w) of a tri-lMol-terrainated modifyhig agent. The toughening agent has another 
notable atbibule, namely, that under proper chemical and environmental conditions, it 
has &e potential to bond chemically vwlh the gluten biopolymer via 
snlphydiyl/disulphide exchange reactions, giving rise to a potentially moi« stable 
mateiiaL In addition, the process does not leqdxe the addition of other solubUi^ing 
agents, 8UC& aa reducing agents or salts* to obtain a honwgeneous di^ 
wodc also resulted hi the development of a gluten biopolymsr-mcdified flax fiber 
bnndte, demansttatrng the potential to process fidly biodegradable composite 
materials. Qualitative analysis suggests that a reasonably strong i^^^ 
natuzal fibers and biopolymer imrtxix can fenn spontaneously under the proper 
conditions, precluding the need to rely on more traditional chemical treatments to 
promote fibtttAnatiix adhesion. 
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